ABSTRACT: Iridium-and ruthenium-free approaches to protected allylic amines and alkyl nitriles under photoredox conditions are reported. An inexpensive organic dye, eosin Y, catalyzes coupling of Boc-protected potassium α-aminomethyltrifluoroborates with a variety of substituted alkenyl sulfones through an α-aminomethyl radical addition−elimination pathway. Allylic and homoallylic amines were formed in moderate yields with high E/Z selectivity. The mechanistic approach was extended using tosyl cyanide as a radical trap, enabling the conversion of alkyltrifluoroborates to nitriles via a Fukuzumi acridinium-catalyzed process.
V isible-light-mediated organic transformations are an area of interest because there is an increased desire to develop sustainable reaction conditions and to access novel radical intermediates and pathways. 1 In particular, visible light is increasingly appreciated as an abundant, renewable, and clean energy source for chemical reactions. However, implementing visible light in organic synthesis is limited by the fact that most organic molecules do not absorb visible light and, thus, are unreactive under photochemical conditions. Photoredox catalysis is an attractive approach to activating organic molecules by translating visible light energy via single-electron transfer (SET) 2 or energy transfer. Most commonly, ruthenium and iridium photocatalysts are employed because of their advantageous properties, such as relatively long excited state lifetimes and favorable redox potentials. However, ruthenium and iridium are rare and expensive. Environmentally sustainable and inexpensive organic dyes are attractive replacements of traditional photoredox catalysts, although methods employing these organic catalysts are underdeveloped. 3 Herein, two methods featuring single-electron oxidation of potassium alkyltrifluoroborates by organic photoredox catalysts are reported.
Alkyl radicals are widely known to add to unsaturated systems, such as acrylates and styrenes, generating α-carbonyl or benzylic radicals, respectively. These stabilized radicals may be captured in polymerization or 1,4 addition reactions. Alternatively, β-leaving groups have been implemented in radical addition−elimination reactions to forge C(sp 2 )−C(sp 3 ) bonds. 4 Recently, designed β-elimination processes were utilized by MacMillan et al. in a photoredox approach to allylic amines via Ir-catalyzed α-alkenylation of α-amino acids. 5 Therein, electron-rich α-aminomethyl radicalsgenerated from single-electron oxidation of cesium carboxylatesreacted with electron-poor alkenyl sulfones through a radical addition− elimination pathway (Scheme 1). Although this method is attractive in its use of readily available α-amino acids, it is limited by the use of an expensive iridium photoredox catalyst. To overcome this limitation, Boc-protected potassium α-aminomethyltrifluoroborates were explored as alternative radical precursors. Potassium alkyltrifluoroborate salts are bench-stable, redox-active solids. 6 They have been employed in various radical processes, including 1,4 additions by Akita et al. and dual catalytic cross-couplings by Molander and coworkers. 7 Importantly, potassium alkyltrifluoroborates have oxidation potentials lower than those of their corresponding cesium carboxylates, enabling the removal of iridium in favor of mild and inexpensive organic dyes, such as eosin Y. Thus, the oxidation potential of potassium α-pyrrolidinyltrifluoroborate (E red 1/2 = +0.78 V vs SCE) falls within the redox window of eosin Y (E red 1/2 = +0.83 V), 8 whereas cesium α-pyrrolidinyl carboxylate (E red 1/2 = +0.95 V vs SCE) 5 lies outside of eosin Y's oxidation window.
Studies began by exploring the reaction of potassium α-pyrrolidinyltrifluoroborate (1) and phenyl trans-styryl sulfone (2a) in the presence of eosin Y (Scheme 2). After an initial product hit, conditions were optimized to provide the desired product in 73% yield (>98:2 E/Z selectivity). Notably, eosin Y was a more effective catalyst than alternative fluorescein derivatives, including eosin B, rose bengal, and ethyl eosin. Furthermore, the more oxidizing 9-mesityl-10-methylacridinium perchlorate (MesAcr + ) catalyst (E red 1/2 = +2.06 V vs SCE) 9 results in poor E/Z selectivity. Control reactions were performed to show that photocatalyst and light were essential for reactivity. The addition of 2,6-lutidine, which is a common additive in photoredox reactions of alkyltrifluoroborates, 7d does not significantly alter the yield. Interestingly, switching light sources from 26 W CFL to a green LED (λ = 530 nm) did not influence conversion or selectivity.
With satisfactory conditions in hand, the reaction scope was explored, beginning with the sulfonyl partner. Attractively, arylsubstituted sulfones are stable, crystalline solids. Alkenyl sulfones were readily synthesized by several methods, including iodosulfonation−dehydroiodination of styrene derivatives, 10 olefination of α-sulfonylphosphonates, 11 or Heck reaction of phenyl vinyl sulfone with aryl halides. 12 The reaction conditions developed allowed a wide range of aryl subunits to be incorporated, including electron-deficient (3c−f) and electron-rich arenes (3g and 3h), providing the desired alkenyl pyrrolidines in acceptable yields (Table 1) . Halide substitution, including that in fluoride 3i and bromides 3j and 3k, withstood the reaction conditions and may serve as handles for further diversification. In addition, an electron-deficient pyridine cleanly provided the desired product, 3l, rather than Miniscitype products. Unfortunately, nitroarenes (e.g., 3n), which are known to undergo reduction by excited eosin Y, were not tolerated. 13 Notably, stabilization of the radical addition intermediate is essential. Unsubstituted (3o) or alkylsubstituted (3p) products were not formed, likely stemming from the thermodynamically disfavored formation of the primary or tertiary radical addition intermediates from secondary α-amino radicals. Furthermore, 1,4 addition products were not observed owing to the absence of a quenching pathwayeither H atom abstraction or reduction−protonationunder the standard conditions. As a result, the reaction conditions provided styrene 3q and acrylate 3r in synthetically useful yields via alkyl radical addition to allylic sulfones, which form analogous β-sulfonyl radical intermediates (Scheme 3).
Unfortunately, the eosin Y-catalyzed alkenylation is largely limited to secondary α-aminomethyltrifluoroborates. Attempts to extend the method to primary α-aminomethyl (E red 1/2 = 0.9 V), primary or secondary α-alkoxy (E red 1/2 = 0.9 V), and benzylic (E red 1/2 = 1.2 V) trifluoroborates provided products in low or trace yield.
Based on the reactivity of potassium alkyltrifluoroborates with alkenyl and allylic sulfones, tosyl cyanide (TsCN) was envisioned as an alternative radical acceptor. Renaud et al. has reported a hyponitrite-mediated deboronative cyanation of boronate esters, generated in situ via hydroboration of alkenes, with TsCN. 14 The reaction required several additions of a Scheme 2. Control Studies for α-Alkenylation of Potassium Alkyltrifluoroborate Table 1 . Scope of Reaction with Alkenyl and Allylic Sulfones a radical initiator. It was thought that employing TsCN in a photoredox manifold with alkyltrifluoroborates would render the reaction truly catalytic in organic radical initiator and benefit further from utilization of a bench-stable organoboron source. Furthermore, the more oxidizing MesAcr + catalyst which provided inadequate selectivity in alkenylations because of the presence of electron-rich alkene-containing products could oxidize both stabilized and unstabilized trifluoroborates, providing access to a larger range of alkyl nitriles. The trend in radical stability was anticipated to favor formation of substituted alkyl nitriles that are not easily synthesized via traditional S N 2 reactions. When we began our studies, photoredox cyanations were largely limited by substrate scope (e.g., N-aryl tetrahydroisoquinolines) 15 or unfavorable conditions (e.g., iridium/NaCN/AcOH system). 16 However, a deboronative cyanation of potassium alkyltrifluoroborates with TsCN was recently reported. 17 The latter reaction utilized a ruthenium photocatalyst, excess of a hypervalent iodine oxidant, and TFA. 17 Therefore, a precious metal and stoichiometric, oxidant-free photoredox cyanation remained desirable.
Minor optimization to reaction parameters provided suitable conditions for nitrile formation without the addition of external oxidants or acids (Table 2) . A series of γ-, β-, and α-amino nitriles (6a, 6b, and 6c) were synthesized. This could provide a route to amino acids from simple alkenes via a hydroboration/ cyanation/hydrolysis sequence rather than accessing acids from oxidation/reduction manipulation (e.g., oxidation of aldehydes or ketones). Although protection of cyanohydrins is often problematic because deprotonation to the alkoxide results in decyanation, 18 returning the aldehyde starting material, the MesAcr + -catalyzed cyanation of an α-alkoxytrifluoroborate provided protected cyanohydrin 6e in good yield. Primary nitriles may be synthesized through the Kolbe reaction, but the isolation of nitrile 6f shows that unactivated alkyl radicals are formed and react under these highly oxidizing conditions. Unfortunately, the standard conditions provide β-cyano ketones in reduced yield with the α,β-unsaturated ketone as a side product. In addition, aryltrifluoroborates may be oxidized by MesAcr + , 7a but protodeboronation rather than cyanation is observed.
Mechanistically, photoredox alkenylation, allylation, and cyanation are thought to proceed through similar pathways (Scheme 4). Visible light can promote the ground state photoredox catalyst (PC), either eosin Y or MesAcr + , to a singlet excited state that may undergo intersystem crossing to a relatively long-lived triplet state (PC*). This excited state may oxidize an appropriate potassium alkyltrifluoroborate, forming an alkyl radical. In the presence of a sulfonyl partner, the carbon-centered radical may undergo radical addition− elimination, forging a new C−C bond and producing an equivalent of a more thermodynamically favored sulfonyl radical. For turnover of the catalytic cycle, the sulfonyl radical (E red 1/2 = +0.50 V) 19 can accept an electron from the reduced photoredox catalyst (PC − ) (for eosin Y, 3e E red 1/2 = −1.14 V; for MesAcr + , 20 E red 1/2 = −0.49 V vs SCE). Thus, the sulfonyl partner acts as radical acceptor and oxidant.
In summary, inexpensive organic dyes have been employed as sustainable alternatives to iridium photoredox catalysts in potassium alkyltrifluoroborate transformations. Eosin Y is an effective catalyst for α-alkenylation of a pyrrolidine-derived trifluoroborate with high stereoselectivity (E/Z selectivity). Furthermore, Fukuzumi's acridinium catalyst facilitates the formation of alkyl nitriles from various alkyltrifluoroborates, including stabilized α-aminomethyl precursors and unactivated primary substrates. These processes largely rely upon the ability of sulfonyl radical traps as leaving groups and oxidants for catalytic turnover.
■ EXPERIMENTAL SECTION
General Considerations. All reactions were carried out under an inert atmosphere of argon. Photoredox reactions were irradiated with a 26 W CFL or a blue LED strip (460−480 nm). Temperatures were controlled using an external fan. Column chromatography was performed by Combiflash using RediSep Rf gold normal-phase silica columns. Melting points (°C) are uncorrected. equiv), and 9-mesityl-10-methylacridinium perchlorate (4.3 mg, 0.011 mmol, 3 mol %) were added to a reaction vial. The reaction vial was placed under argon. Dried and degassed DMF (3.5 mL, 0.10 M) was added to the vial. The reaction was placed in a beaker that was wrapped with a blue LED strip. A fan was placed above the beaker to maintain a temperature of 30−35°C. Upon completion, the reaction was transferred to a separatory funnel with Et 2 O (15 mL) and H 2 O (20 mL). The aqueous layer was washed with Et 2 O (15 mL, 3 times), and the combined organic layers were washed with H 2 O (20 mL) and brine (20 mL 
